Regioselective Cu(I)-catalyzed 1,3-dipolar cycloaddition of steroidal 17␣-azides with different terminal alkynes afforded novel 1,4-disubstituted triazolyl derivatives in good yields in both the estrone and the androstane series. The antiproliferative activities of the structurally related triazoles were determined in vitro on three malignant human cell lines (HeLa, MCF7 and A431), with the microculture tetrazolium assay.
Introduction
In recent years, considerable interest has been focused on steroidal heterocycles in view of the broad spectrum of their biological activities. Several novel synthesized compounds have been described as potent inhibitors of 17␣-hydroxylase-C 17,20 -lyase (P450 17␣ ) which can block androgen synthesis at an early stage, and may therefore be useful in the treatment of prostatic carcinoma [1] [2] [3] . Moreover, some steroidal heterocycles have also been found to exert inhibitory effects on 5␣-reductases [4] and to display considerable cytotoxic activity [5] . Although a number of diverse triazolyl derivatives have been reported to exhibit biological activity, including antibacterial [6] , antiallergic [7] and anti-HIV [8] effects, steroids containing this kind of structural moiety have received less attention from both synthetic and pharmacological aspects [9, 10] .
Since the first reports [11, 12] , Cu-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC) has found numerous applications across a wide variety of disciplines, including polymer chemistry, materials research and pharmaceutical sciences, as evidenced by a huge number of related articles and several reviews [13] [14] [15] . The certain advantageous properties (versatility, regiospecific reactions, the lack of by-products and high conversions) have made 'click' chemistry [16] an ideal tool for the synthesis of libraries for initial screening and for structure-activity profiling.
To the best of our knowledge, relatively few examples are to be found in the literature in which Huisgen 1,3-dipolar cycloaddition is applied to steroid azides [11, 17] , though it provides convenient facilities for the construction of triazoles in which the hetero ring is attached to the steroid nucleus through a nitrogen atom. Banday and co-workers recently reported the syntheses of 21-triazolyl derivatives of pregnenolone as potential anticancer agents through use of the 'click' chemistry approach [18] , but without any proposal concerning their mode of action. Since some steroid-type compounds are known to exert hormone receptor-independent antiproliferative activity by the inhibition of angiogenesis, tubulin polymerization, and the upregulation of apoptotic pathways [19] [20] [21] , we set out to prepare novel steroidal 17␣-triazoles via CuAAC, untinged by the structural features necessary for effective binding to the hormone receptors [22, 23] . Although determination of the affinities to the hormonal receptors did not fall within the scope of the present work, in the absence of a hydroxy or keto functional group at position 3, the newly prepared triazolyl derivatives are considered to have no estrogenic or androgenic effects. Nevertheless, all compounds were screened in vitro for their activities against a panel of three human cancer cell lines (HeLa, MCF7 and A431).
Experimental

General
Melting points (Mps) were determined on a Kofler block and are uncorrected. EI mass spectra were recorded with a Varian MAT 17␤-Estradiol-3-benzyl ether 3 (11.0 g, 30.3 mmol) was dissolved in pyridine (100 mL) and para-toluenesulfonyl chloride (12.0 g, 62.9 mmol) was added portionwise. The mixture was stirred for 72 h at room temperature, then poured onto a mixture of ice and concentrated H 2 SO 4 (80 mL). The precipitate that formed was filtered off, washed until neutral with water and dried. The crude product was purified by flash chromatography (CH 2 Cl 2 /hexane = 50:50, v/v) to give 5 (14.9 g, 95%) as a white solid. Mp 115-117 • C; R f = 0.34 (ss A). Anal Compound 5 (5.4 g, 10.5 mmol) was dissolved in N,Ndimethylformamide (80 mL) and NaN 3 (5.4 g, 83.1 mmol) was added. The mixture was stirred for 48 h at 100 • C, and then poured into water (50 mL) and extracted with CH 2 Cl 2 (3× 50 mL). The combined organic phases were dried with Na 2 SO 4 2.4. General procedure for the synthesis of triazoles (10a-j and 11a-j) 3-Benzyloxyestra-1,3,5(10)-triene-17␣-azide 7 (388 mg, 1.00 mmol) or 5␣-androst-2-ene-17␣-azide 8 (299 mg, 1.00 mmol) was dissolved in CH 2 Cl 2 (20 mL), and CuI (19.0 mg, 0.10 mmol), triphenylphosphine (52 mg, 0.20 mmol) and substituted acetylene derivative (9a-j, 1.00 mmol) were added. The mixture was stirred under reflux for 24 h, and then diluted with water (20 mL) and extracted with CH 2 Cl 2 (2× 20 mL). The combined organic phases were dried over Na 2 SO 4 , and evaporated in vacuo. The crude product was purified by flash chromatography, using EtOAc/CH 2 Cl 2 (2:98, v/v) as eluent.
Synthesis of 3-benzyloxy
Compound 7 and phenylacetylene (9a, 0.11 mL) were used for the synthesis as described in Section 2. 
Synthesis of 3-benzyloxy-17˛-[4-(4-tolyl
Compound 7 and 4-tolylacetylene (9d, 0.12 mL) were used for the synthesis as described in Section 2. m 2H), 1.42-1.56 (overlapping m, 6H), 1.76 (m, 1H) Compound 8 and 4-tolylacetylene (9d, 0.12 mL) were used for the synthesis as described in Section 2.4. After purification, 11d In the 1 H NMR spectra of compounds 10a-g and 11a-g, the signals of the protons on the Ph ring appeared at 6.5-8.0 ppm. The 5-H singlet of the newly formed hetero ring was observed at 7.6-7.7 ppm for the aryl-substituted derivatives (10a-g and 11a-g), and at 7.1-7.2 ppm for those containing a cycloalkyl substituent (10h-j and 11h-j).
The novel triazolyl derivatives (10a-j and 11a-j) were applied in in vitro pharmacological studies in order to investigate their antiproliferative effects on three human adherent malignant cell lines ( Table 2 ). The cell-growth-inhibitory potencies of the benzyl ether derivatives (10a-j) were generally found to be lower than those of their counterparts (11a-j) from the androst-2-ene series. Compounds 10a-g may be considered to be practically ineffective, while the introduction of a smaller cycloalkyl ring instead of an aromatic moiety into the triazole ring (10h, 10i) resulted in a relative increase in activity on all three cell lines. However, the moderate effect was again lower for the triazole containing a cyclohexyl group on the hetero ring (10j). Derivatives with an unsaturated ring A proved to possess higher activity. Para-substitution of the phenyl ring with an F or OMe group (11b, 11c) enhanced the inhibition of the growth of at least the MCF7 and A431 cells at both applied concentrations, while extension of the carbon chain on the Ph ring also resulted in increased activity at 30 M (in the sequence Me < Et < Pr). Furthermore, compound 11g, with a tert-butyl group on the Ph ring, exhibited limited efficacy, not attaining 50% proliferation inhibition even at 30 M. Compound 11h was the most potent of the tested derivatives, causing 82-98% growth inhibition on all malignant cell lines at 30 M, and therefore comparable to the reference compound cisplatin. Since most of the other compounds displayed substantially lower activity, cyclopropyl-substituted triazole is considered to be a favorable structural moiety in the development of more potent steroidal antiproliferative agents.
Conclusions
In view of the lack of structural characteristics of estrogenic and androgenic steroids contributing to their binding to the corresponding hormone receptors, the major aim of the present work was to synthetize novel steroidal heterocycles in order to investigate their cytostatic activities. The syntheses were carried out efficiently from the corresponding azides with terminal acetylenes by CuAAC, triphenylphosphine being applied as additive. All compounds were tested in vitro as concerns their antiproliferative activities on three malignant cell lines, and the cyclopropylsubstituted triazole in the 5␣-androst-2-ene series proved to exert a promising cell-growth-inhibitory effect at 30 M. Although the antiproliferative activities of the tested compounds are moderate, the results suggest that steroidal triazoles may induce a disturbance in the cell division by a mode other than hormone receptor-based action, motivating the search for further derivatives and optimization for better activities.
